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NUCLEAK-PUMPED LASERS FOR LARGE-SCALE APPLICATIONS

R E Anderson, E M leonard. R I Shea and R R Berggren
Los Alanws Naunonal [ aboratory
Los Alamos. New Mexico 87545 USA

ABSTRACT

[ fficient initiation of large-volume chemical lacers may be achieved by neutron induced reactions which
produce charged particles in the final state When a burst mode nuclear reactor 1s used as the neutron source,
bath a sulficiently intense neutron flux and a xuffickently short initistion pulse may be possible Proof-of-
principle experinents are planned to demonsirate lasing in a direct nuclear-pumped large-volume system. (o
study the effects of various neutron absorbing materials on laser perfonmance; to study the effects of long
initiation pulse lengths: to demonstrate the performance of large-scale optics and the bearn quality that inay
be obtained: and (v assess the performance of alternative designs ol burst sysiems that increase the neutron
output and burst repetition rate.

Iatreduction

There has been considerable intesest. both in the pa.ﬂ' and more recenllyz"] m the issue of nuclear pumping of gas laser media Two
characteristics of a nuclear reactor that have fueled thic interest are the high-energy output that 1s coupled with a relatively smali, selt
contained system These features provide mechani<ins for overcoming the restrictions imposed by volume . weight, or maintenance - Junited
systemme  The long mean-free paths assoctated with uncharged particles such as the neutron also provide a convenient mechanisim for
pumping large-voluine gas systeims

We have been interested in the possibility of using neutrons 10 initiate a DI*-CO2 transfer Iaser  This type of chemical laser has an
inherent advantage over excimer lasers. because the output energy arises as a result of chemical reactions among the constituents of the
laser immedium rather than a< a result of the energy supplied by an extemal pumping device In the DE-CO laser. the neutron pump only
provides sufficient energy 10 initiate the chemical reaction chain The laser may then produce an cutput energy approximately ten times
larger than that supplied by the pump. compared (0 a conventional sysem which might produce an output energy equal 10 a few percent of
the pump energy

In the reactor pumping concept. neutrons produced by the reactor are absorhed by a nucteus within the lasing medium  The nucleus
then undergoes a reaction that produces highly energetic charged panticles. which deposit energy in the laser gas This is sinular (o the
process in an eleciron-bean-pumped laser

To accomplish this process most efficienily, the nucler that dope the laser must have 2 Iarge absorption cross section for low-energy
neutrons, a large poxitive g-value for ihe nuclear reaction, and must not substantially perturb the operation of the laser 1t would al<o be
ndvnnlng?mn if the wpcclcq of mk‘rcﬂ were (0 exist in a gaseons form. Seve:al candilates that have received conciderable aticntion in the
literatwre' " are 'Mle. B, and **’'U The relevant properites of these isotopes are listed in Table 1 The quantities of these nucler that
must be present vary commcubly, depending on the energy release per absorption event, av discussed in Se¢ V. For examyple, vranium
he xafluoride peed« to be present only in very small quaptities The addinion of any of these species raises complex questions regarding its

clfccl on the laser kinetics  For some species (such as 'fle), we have enough information to predict DIF-CO2 laser operation it a quantity
of ‘He were added to the gay mixlure

TABLE ! PROPERTIES OF LASER ADDITIVES
Isotope Thennal £ rovs Section | F'nergy Release ; Availabiliry
"He $300 1 | 076 MeV | gas
"L 950 b : 4 8 MeV |
" OO b | ) YMeV 3 gas
My SRO b | 170 MeV ‘ gas

EfTedt of Hellwu oy Layer Kineticy

Detailed atudies have been perfonmed on photobytically initiated wnd nxue recently, on e beampinitiated DE COoteanster Lasers Pecent

unpublished e xperimwents on these systerns have shown that we: |y smtiated systems can provide reasonable energy extracnon (10 10
‘ ‘ 4 ‘

with lasing pulse s {on time 1o ofl time) longer than SO jieec We will use ihe paranwies space nveatigated by these experments asa point



of departure. Therefore we will fix the total operating pressun: at | atm and the gas composition as shown in Table I For neutron .mitiation
we will replace 10% - 50% of the argon bufler gas with *He.

TABLE 11. GAS COMPOSITION FOR DF-CO; LASER
Components Pressure (torr)
Buffer (a:gon) 664
F 45
7D27 - ‘ 15 o
CO; i s -
O T !
Total pressure 760

The basic kinetics of the system are straightforward. The laser is initiated by producing free F-atoms that set off the D3.F> chain
F+ Dy DEwv)+D
D+F:2 D)+ F
The vibrational energy in DF may then be transferred to CO3,
DE(v) + CO000) 5 DF(v-1) + CO2001)
which lases at 106 p;
CO20000) = COHI00) + hv(106 )
The production of free }-ator in these devices is must conveniently provided by photolysis of 3
Fa4 hvi2B0pu) = I+ F
Ane-heammay also be used to provide free F-atoms in the Ar, I'2 mixture Since neutron absorption and subsequent fission of *He produces
energetic charged particles, the neution initiated system acts very rauch like e-beam initiatior:.

The aystem is clcarly unstable: any inadvertent production of F-atoms (such as that due to fluorescent lamps) could cause the laser to
fire  Pre-ignition is prevented hy the addition of a "chain breaker” that acta (o remove free F and 1) atonw  The chain breaker alsc sets the
thre<hold, which the puinp must exceed 1o lire the laser. The laboratory experitnents imentioned above have used 1-2 tor- of O (or this
purpose

In the transfer system there are only a few reactions where the buffer gas plays a major role. These prcesses are listed below

CO2001) + M 3 CO0I0)+ M 1))
COAMO0) + M 9 COH000) + M (2,
DE(v) + M 3 DFiv-1) + M ()
D+O;+MaDOM 4)
FaOr+M-2FO74M (5)

in Tabie 111 we give rate constanis for the firt three of these procesaes at representative temperatures and with M ac either argon u,
helium We have used the ('O rate constants reconunende:d by Meber and Sullivan™ and the DI rates recommended by ('ohen and Bou ®

Reaction 4 has the same rate with either M = Aror M = He No data exist on Reaction S with helium as a third body, and we have
assumed the same rate {or both helivm sand argon

Because of the rapid deactivation rate of the (022 hending mode by helium (Reaction 2). mast (CO7 lasers use # as a bufter gas Al
theee teporty of ¢ beam initiated DE CO 2 laser<in the literatuee used helivm™ ' Our sysiem, however, operates with much longer faxing
pulses (>80 pua). making deactivation of the hending nxde le<s critical  Performance limitations on the fong pulse DE COp Laser are mwore
dependent upon quenching of the upper taser level, where argan and helium have comparable raies

Toarrive at & quantitative comparison, we have used a computer nmodel to calculate laser performance with argon and helium as butters
Our nwdel contains spproximately Y0 reactions and over 40 diflerent species o vibational atates The kineticy of T atom production are
treated phenomenologically  we input a source termn that describes the energy depomited per cubic centimeter per second into the gas. and
we assume that one I atom was produced for every SeV deporited in the gas, regardieas of whether the buffer was helivm or argon (Set
IV explotes this issue) Out resulis showed that with the use of helium, the laser specitic energy increased by 7% and pulse length shortened
by about O 7%

. , ' 4 ) )
A reactor driven lasst however will use e and ot He. ax discussed above  Because bothy species have neatly kentical eled tronn
struc tures, the isotopic substitution should have little effect on the croas asctions £ kinetic processes In fact measured cross wections g



deactivating CO2(001) by *He and *He do exist and are identical ' Bimolecular kinetic rates,_however. depend on a cross section and a
collizion frequency. ‘The latter varies inversely with the square root of the reduced mass. FFor “He interacting with CO2 or DF, there is a
net increase in the rate by 13% or 14% respectively The scaling of three body rates is somewhat ambiguous and depends on the imodel
chosen. A sbnple-minded approach leads (o increases in the rates for Reactions (4) and (5) of only 7%

TABLE I COMPARISON OF KINETIC RATES INVOLVING ARGON AND HELIUM

Reaction M k(300) | k(600) K(800)
CO2001)+ M Ar 1sex 10y g0 saxae't
He 230 x 10"? . 186x TURN se9x 10!
coxotmya M| Ar 933xt10'® . 163x o' ad65 10"
He 170" g29x 10" 165x 1077
I)F(7I)+ M| A | amaxio® g43x 10" 108 x 107
[ hee | smaai0t? 132 x 107'¢ 4RI x 1070

* Rates for higher DF-levels scale as V' ? for both helium and argon

Incorporating the atove changes in kinetic rates to sccount for ‘Ilc, we repeated our previous calculation The increavs‘in the rate
constants decreased specific power by 2.5% and shortened pulse length by U.5%. The net effect is that the DF-CO; laser using “He should
out-perform an argon-based system

Ey-products of the nuclear reaction may have another effect on the kinetics. The reaction: n + Yie =1 4 Yet 4 2e yields a proton
and 3 triton at energies of 0.57 MeV and 0. 19 MeV, respectively. Assuming both these species eventually pick up an electron, we have the
possibility of reactions with 72 to produce I and ‘177 in various vibrational statex. Both HE-CO; and TF-C0; have lased but have not
pertormed as well as DF-C'On fasers. ! 412 1f we assume that the nuclear reaction deporits a total of (3\ mJ4cm‘ in the gas, we can readily
calculate from the nuinbers given above that the densities of ‘1T and HE will be on the order of 10'%m’  Because this is significanty
below the level of DI densities encountered, both species will have little effect on laser performance

Effect of Reactor Pubse Shape on Laver Peafotmance

Historically, DF-CO; lasers have been initiated with lashlamps or an e-beam operating for, at most, a few mictoseconds . This is much
shorter than the neutron pulse from the Los Alamos burst rewctors: GODIVA (FWHM of 30 ps) and SKUA (FWHM of up 10 400 ps) I
the energy deposited (i e . the total number of I-atomns produced) is kept constant but the initiation pulse is lengthened. fewer F-atoms are
present at any one titwe to drive the chemistry. In this section we will examine the effect of initiation pulse length on laser performance

We have estimated the total neutron fluence with the Los Alamos Monte Carlo code MONP' based on n total of § x 10" fissions for
GODIVA and 3« 10" fissions for SKUA Sorne aspects of the design were adjusted o silempt ko make the ene:gy deporition unifonn
throughout the laser With 61 1orr of "He in the laser, the neutrons can deposit about 3 md/cm in the gay  As before, we assumed that one
F-atom was produced for every S eV deposited in the gas  The gas mixture is given in Table |

Our resulis are summnartzed in Fige | and 2 Specific encrgy has heen normalized for simplicity  We nate that shoet initiation pulses
0 ps FWHM) yield highet specific energies and shorter lasing pulses A the initiation pulse broadens, the lase: energy drops. and its
pulse leagrh becomes very long  (Laser pulse length ax described in this document is measured from the oneet of laxing (o leriination
enerally it is much longer than the FWITIM of the fasing pulse ) A close examination of the <hape of the laser output flux reveals a long
gradual tail followed by a dramatic rise and abrupt termination With very long initistion pulses. the lasing tenminates at about the tinw
that the ne utron Nlux peaks

Increasing the concentiation of e in these calculations has the effectof ing reaving epergy deposition and swore strongly initiating the
laser We have repeated our calculations tor the 400 ps initiation pulse with V32 torr of He inswead of the 61 torr considered previously
Though thix taisex the total energy deposition by 8 facton of S 4,0 yields only a IR increase in apecilic energy and a 6% decreane m
pulse length  Thiseffect is much less pronounced than might be expected  Desplie the large total energy deposition, the pulse length is so
long that few I atoma are available at any one tite to drive the chemistry

Effect of Hellum on F-atom Production

Dissociation of 13 to produce fiee fluotine stoms and 1o initiate the chemistry of the tanster system can be accomplished either by
UV photolysiv or an e beam The photolyris processes are straightforward ) absotba a photon and v excited to mrepulsive state The
¢ beam initiation 13 considerably more complex high energy elections deponit their energy in the rare gas and produce metastable atoms,
1ons and free electrons A series of eactions of these species with | generates the free | atomis Dhe efficiency of this process vomeasured

by the numiber of flectran volte that nuiet ha derwseitomd i tha secmbircee don 2 ocmaia mes b atossss Fee veime aiiiie mme 0eeimen ooh ahaie amenias vam e



assumed a nominal value of S e V/F-atom  If this number is significantty higher for the reactor-based svstem. higher neutron fluxes will be
required to generaie the same level of initiation.
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calculations.

. L . 3 . .

The basic difference between the e-beam and reactor-pumped lasers i the replacement of argon by ‘He To better understand how this
affects F-atom production, we need to discuss e-beam initiation in more detail. In the following we will consider a laser volurne containing
mainly the rare gas and small antounts of |2

As mentioned above, the high-energy electrons create argon ions, s gon nwetastables, and secondary electrons. Low -energy electrons
«an very rapidly avtach themselves 1o F; and produce a free F and a free F Argon ions attach themselves ko the F to produce ArF® This
excimer is also produced by the reaction of F2 with argon metastables. The ArE* will eventually react with 2 and produce three (ree
F.ate ms  Approximately RBC% of the free F produced in the Ar-i 2 mixture comes {rom the reaction of Ark* and F2 In & He-F; mixture
things are very different. the excimer HeF* is not bound, and this major channel in producing F-atoms will be cuv off

In He -F2 mirtures the major channel to F-atom production comes through F2* This species can be created either by charge exchange
with helium ions or by Penning ionization with helium metastables. The 2 then combines with | 10 produce three F-atoms  [n mixtures
containing He, [:7, and Ar, all the processes described above take piace with churge exchange between helium ions and argon, as well as
Penning tonization of argon by helivm metsstables

' . .18 S . . . . . .
We have used tive model of Wilson and Shapiro’ 1o make quancitative comparisons of F-atom production in He, Ar. and 2 mixture:
This nwxdel incorporates a tosal of IR epecies and 45 reactions By making the major assumption that all electrons are instantly thermal \n-d
we elinanate the aeed 1o include a Bolizmann analysis  Source terms that drive the kinetics come from the reaction of neutrons with ‘He

Yor the reactor initiated laser, we want to compare I atom production in various Fe, Ar, and F7 miztares, with - atom production in
the ¢ bemn initisted Avand Frmixte ~ By slightly nwplifying the Wilkon and Shapito mwdel to treat an e -beam driven Ar and F2 mixture.
we can calculate a base line nunber ot E atom production in argon This analysis vields a value of § 2 eV/E-atom. waich isslightly highet
than the approxnnate value of § eV/E atom used eatlier L osses of Arl* through radiation and coihisional dissociation with argon account
for much of the differnce

We used the 82 eV/I7 atown value 10 notmalize our tesults tor argon and heliwm mives Figure ¥ reports the relative initintion strength
needed tor the same | atom density in vanous mixtures The 1otal buffer gas presscre (He < At) was tixed at 715 torr for these calculabons
Though maore energy deposition is required in pure helium than in pure argon, a tew hundred torr of argon makes the B atom producnon
vlose to what it would be if only argon were present Owr calculations ignore a number of small contributions. anad we have dropped the
I atom recombination process  that actiticially inflaves the e V/E wtom number Inan actual taser the I atormns will be removed by reaction
with D)y much more quickly than they can tecombime

16 . .
Burtows " has ponted oot the addinonal processes that can oaccur when D2 and CO2are includedin Ap By ictures The piesence of
hetium metastables nnd 1ony hmhcr complic stes the kinetis  Of mapot nupottance is the very rapud (k- 10 7) reaction L;emrrn heliumaons

and 'O 10 produce O OOy 0! Cand () The teaction between helium ons and 1) s slow and can be lumurd er ton rates o
heltum nwtastables uuh( Uhs mrred 1Y s bimsom bammre svemmmsiem® PR 0 dlim im0 bl e e ol ' " R



iy . ~_+ .
helmm ions a.nd me(a.\lahlu are very effective in producing F2 2*. these additional processes< lower the production of F27 and create insiead
D2*. CO7*, 0% and CO* The most likely fate of these ions is reaction with the excess F that will be present Unfortunately, there are no

measured rates for processes such as these.
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In view of the uncerainties, we can make no prediction for the effici rency, of F-atom production in actual laser mixtures (Ar, He. k2.
D2. and CO2) Our earlier analysis (Figs. | and 2) was based on 61 Torr of *He in the gas, an energy deposition of 30 mJ/cm’, and an
assumed value of one F-atomn produced for every § eV deposited in the gas. If, however, it were (o take 10 eV to produce one F-atom. we
need only increase the "He concentration to achicve the same level of initiation froin the same reactor flux. This indicates that - e have

some leeway in achieving a specific level of laser performance, even if we do not know the level of initiation. Because laser performar.ce
is very sensitive to the level of initiation (among other things), the impact will be in our ability to make a reliable prediction

Burst Reactor Operation

Initiation pulses for the DF-CO; laser are provided by one of two 1.os Alamos bursi reactor facilities: (‘i()DIVA20 e SKUA21

Figure 4 shows the GODIVA assembly and controls The fuel is a | 5-wt % mol yhdenum-uranium alloy with -93.5% enriched uranivm
The fuel components are all aluminum-ion-plated and have a (otal mass of ahout 66 kg Three external (*-shaped clamps (3/4 in thick by
| and 3/4 in in croxs section), fabricated from high-strength maraging steel, fasten the stack of six stationary fuel rings

Steel loading ring
Maraging
stool
Thannocouple

Fig 4 GODIVA awembly and controls

Sta. \less
stool



The burst assembly is supported on a three-legged structure that houses actvators for reactivity control elements. which enter the core
from below . The safety block is threaded onto a stainless steel nandre! at the lower end, so that thermal expansion exerts a downward
thrust on the support shaft. opening a magnetic cluich to provids shock -induced scramming. Toial burst yield and burst width are plotted
against reactor period in Fig 5. Yield data and leakage flux per core fission have been obtained via foil activation and from aluminum

{n.u) detectors
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Figure 6 shows a top view of the SKUTA assembly. This [8-in.-diam cylindrical annulus, consisting of 170 kg of 63.5% enriched
uranium, is controtied by six external copper reflector elements. A 9.5-in -diam glory hole is available for experimental use. When a lower
average-encrgy neutron spectrum is desired, & 3-in. annular flux trap with a 3-in. glory hole may be insertea. Though the SKUA assembly
has not yet operated in the prompt critical regimne, initial delayed critical operations have confinned the SKUA design.

Fig 6 vop view of the SKUA burst assembly

No special cooling follow ing bursts is envisioned for either assemibly, even though temperatures ax high as 2007°C (for GODIVA) o

SOO°C (for SKUA) may be achieved

A wide variation in irradiation pulse characteristics is possible using these facilities  Frssion vields of between 1 x 10
are possible Sote of the burst propetties of these two assemblies are svmmanzed in Table IV

with burst widths between 30 and 400 -

s tvpreal short burse pulse from the GODIVA assembly is shown in Fig 7

The cool down tinw for these devices defines the burst repetition rates that can be achieved

Ve ')
and 1 (10O

Hecause these assemblies prxduce primarily fast nentrons, a nwxderator is necessary o thennalize the nentrons that enir the laser

The assemblies are relatively small, and the laser can be plunl quite |nw o Ihe source, which increases the efficiency of the
PY 1 IR S

volume

systemy Ol the othee hand s farna Taas wodae



ne utron flux profile may be achieved by proper shaping of the moderator; however, this procedure produces some elongation of the initiation
pulse length.

Energy deposition within the laser volume was estimated using the Los Alamos Monte Carlo code MCNP'*. Estimates were made for
both the GODIVA and SKUA assemblies for several different laser volumes. Continuous-energy cross-section sels were used in the
calculations, and the results were collapsed into 16 1o 50 groups for analysis. A typical geometric model used in the calculations is shown
in ig. 8. Average energy depositions for aeveral replacements of the argon buffer gas are shown in Table V. According to these results,
minimum requirenients for the ignition energy were met, with considerable room left for variation of the exact fill gas composition
However, we stil! must show that any degradation of the laser kinetics remains at an acceptabie leved. Deygradation could occur from the
alteration of the fill-gas composition, nonuniformities in the pumping profile, cr longer initiation pulses provided by the burst assembly

/N
/
/
g /
Fig 7. A typical fast initiation pulse from the GODIVA & /
assembly ~—7 —— 36 us FWHM
/
/7
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TABLE IV. COMPARISON OF BURST CHARACTERISTICS

Godiva IV SKUA (est) LBR (est.)
Burst width (ps) 30 100-400 500-5000
Joules/burst 1.8x 10° s4x 108 8.9 x 10’
. . - - S S - - . .
Ieakage neutrons 89x10' 2.7x 10" 30x10'"
Flux at | m (nfem?-s) 2.4 x 10 5.3x 10" 48x 10"

 Central fluence (/em?) 4 3.3x 10" 33x 10% ) -

Average central flux l.1x I()W 8.0x I()” ---

(n/em?2-s) average
Peak 20x 10" 1.5 x o' -

One of the objectives of the experimental program will be ® siudy the characteristics of altermnative types of burst systems that may be
tiote suilable for use with o large-scale faser  Anwng the characteristics of =uch a system would be increased nevtron output. increased
burst repetition rate. wvd greater uniformity in the energy deposition within the laser volume. The size of the GODIVA and SKUA pulses
i< fundamentally timited by the mechanical stresses prvtuced by thermal expansion of the fuel during the burst and, to a lesser extent, by
the temperature rise in the fuel produced by the fission fragients The pulse length is determined fundamentally by the physical size of
the assembly

Moderwor |
Fig B Geometric nexdel for determining the energy deposition Laser i I -
within the Inser during a typical burst from SKU'A - The lacer has -
been segmented to study the space and tine profiles of the initiation : '
[ ]
pulse o

C el

bt

SKUA



TABLE V. ENERGY DEPOSITIONS ACHIEVABLE IN A
LARGE-SCALE DF-CO; LASER
Additive Energy Deposition
none 0.1 mifem’
0.5-aun *He 4.5 mlfem’
0.1-atm *He 1.5 m)/em’
0.1-am 'B 4.5 ml/em®
0. 1-atm SLi 3.5 mJ/em’
0. 1-atin 235[1 00 m.l/cm3

A new liquid burst facility. the SHEB A assembly, is presently being construcied to study the dynamics of nuclear excursions in a liquid
system. Compared to a metal system. the SHEBA assembly might ultimately produce an increase by a factor of 10 1o 1(X) in the neutron
output and a substantially higher burst repetition rate at the cost of a somewhat longer pulse length. In its final form, this liquid burst
facility would have a substantial volume. and its shape would be tailored to the requirements of the laser system. A critical mass of liquid
material would be pumped into a shape of interest, then allowed to burst and vaporize. The material would then be cooled, reconstituted,
and puriped back into the critical configuration for another burst. A comparison of the characterirtics of such a liquid burst reactor (LBR)
with GODIVA and SKUA has been included in Table 1V.

Proposed Experiments

A large-volume laser experiment is currently being planned to examine the issues of laser and burst assembly operation raised here.
We propose to do proof-of -principle experiments whose objectives are

1. to demonsirate lasing in a neutron-initiated DF-CO2 lase;

2. to examine the kinetics of the laser when various fra:tions of the buffer gas are replaced by 3He and other gases;
3. to examine the feasibility of long pulse initiation (30- to 500-ys range);

4.10 produce a laser large enough to demonstrate optics performance and beam quality; and

5. t0 rtudy the characteristics of solution burst assemblies.

We envision the use of two laser volumes. The smaller of the two will be approximately 40 cm in diam by 2 mlong. Using —20-cm-diam
optics, we will micasure gain. total cutput energy, and prise shape to verily and adjust performance predictions. Full-size, 40-cm-diam
optics would then be used to show pumping uniformity and extraction over the full volume of ~280 /.

A second laser would have a larger volume (~2 mJ) with s folded optical prth; an unstable resonator would extract the full volume

Prefiminary calculations indicate that this volume will be large enough to give an equivalent Fresnel number well above the critical Fresnel
number for mode separation, allowing the laser (o produce a single plane wave.

Condusions

In this report, we have examined some of the istues that arise in atteinpting to initiate a Inge-volume, DF-CO7 transfer laser with a
burat reactor. While several issues remain to be settled in both the operation of the burrt reactor and in the laser kinetics, analysis of a
system in which 'He is used 1o replace sotne fraction of the buffer gas indicates that e xcellent performance of the system way be expected
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